Organisms are predisposed to different types in DNA damage. Multiple mechanisms have evolved to deal with the individual DNA lesions. Translesion synthesis is a special pathway that enables the replication fork to bypass blocking lesions. Proliferative Cell Nuclear Antigen (PCNA), which is an essential component of the fork, undergoes posttranslational modifications, particularly ubiquitylation and sumoylation that are critical for lesion bypass and for filling of DNA gaps which result from this bypass. A special ubiquitylation system, represented by the Rad6 group of ubiquitin conjugating and ligating enzymes, mediates PCNA mono-and polyubiquitylation in response to fork stalling. The E2 SUMO conjugating enzyme Ubc9 and the E3 SUMO ligase Siz1 are responsible for PCNA sumoylation during undisturbed S phase and in response to fork stalling as well. PCNA monoubiquitylation mediated by Rad6/Rad18 recruits special polymerases to bypass the lesion and fill in the DNA gaps. PCNA polyubiquitylation achieved by ubc13-mms2/Rad 5 in yeast mediates an error-free pathway of lesion bypass likely through template switch. PCNA sumoylation appears required for this error-free pathway, and it plays an antirecombinational role during normal replication by recruiting the helicase Srs2 to prevent sister chromatid exchange and hyper-recombination.
Introduction
DNA damage is an unavoidable aspect of existence that results from both endogenous metabolism and exogenous insults. These include reactive oxygen species and DNA replication errors, in addition to ionizing radiation, UV light and mutagenic chemicals. There are multiple specialized DNA repair pathways that correct various DNA lesions, such as abasic nucleotides [1] , mismatched bases [2] , single strand defects or lesions [3] , and double strand breaks (DSBs) [4] . In certain conditions, the DNA damage may persist unrepaired until a replication fork collides with it. This is seen often with DNA interstrand cross-linking (ICL) lesions which are some of the most toxic types of DNA damage. ICL lesions are usually repaired in S-Phase, after replication forks encounter them [5] . Other types of DNA damage observed at the single strand level, resulting from UV exposure or certain chemicals, can also block the replication fork.
The arrested fork usually deals with such collision utilizing a potentially mutagenic process named Translesion Synthesis (TLS) [6, 7] . This type of DNA synthesis ensures relatively uninterrupted replication even in the face of DNA injury. TLS was initially described in prokaryotes, and termed Post-Replication Repair (PRR) [8] . In E Coli TLS leaves behind single stranded gaps that are repaired at a subsequent cell cycle stage. Similar gaps have been described in Eukaryotes as well [9, 10] . When a replication fork collides with an ICL or a single strand lesion, a one-ended DSB may form. This could trigger homology-based repair, also termed Homologous Recombination (HR), which is another pathway the fork utilizes to repair DNA lesions particularly ICLs [11] . The classic DNA polymerases that mediate undisturbed replication cannot bypass most ssDNA lesions, and several alternative (atypical) polymerases that mediate lesion bypass in TLS have been described. The key regulator of TLS is the replication sliding clamp Proliferative Cell 2 Journal of Nucleic Acids Nuclear Antigen (PCNA). The PCNA trimer holds multiple proteins that participate in both normal replication and TLS. The role of PCNA in TLS is governed by posttranslational modifications that occur to it in response to an arrested fork. In this brief paper we describe the process of PCNA ubiquitylation and sumoylation in response to replication fork stalling and the impact of these modifications on TLS.
PCNA Ubiquitylation in Response to
Fork Stalling Lesions PCNA has been described as the coordinator of the replicating fork [12] . It mediates the recruitment of multiple factors required for DNA replication and repair. In a seminal paper, the Jentsch group described the involvement of PCNA ubiquitylation and sumoylation in TLS [13] . This Ubiquitylation is mediated by the Rad6 group TLS factors [13] . It had been known for a long time that Rad6 family was involved in TLS in Eukaryotes, and that most of its members display ubiquitin conjugating and ligating activities [14] [15] [16] . Protein ubiquitylation has emerged as a widespread process that impacts a myriad of cellular processes in eukaryotes [17] . This process starts with binding of the conserved 76 aa peptide ubiquitin to E1 ubiquitin activating enzyme. This transfers ubiquitin to an E2 conjugating enzyme, which interacts with an E3 ligase to transfer ubiquitin to a specific substrate. The E3 ligase is the determinant of the specificity of the substrate to which ubiquitin is attached. Rad6/Rad18 are the E2/E3 complex that mediates PCNA ubiquitylation at a conserved Lysine164 [13] . It has been shown that this modification increases affinity of TLS DNA polymerases to PCNA which contributes to lesion bypass [18] . This was initially demonstrated for the human TLS Polymerase eta (polη) but later was shown to apply to other eukaryotic polymerases of the Y family, including polymerases ι and κ which are not present in yeast [19, 20] . This enhanced affinity for PCNA by the Y family of TLS DNA polymerases is due to presence of ubiquitin-binding domains of the UBM or UBZ types [21] in these polymerases which interact with the monoubiquitin on PCNA (Figure 1 ). The major TLS polymerases in yeast include Rad30, Rev1, Rev3, and Rev7 (Rev7 is the regulatory unit, and Rev3 is the catalytic unit of Polymerase zeta.) Further discussion of the detailed role of each TLS polymerase can be found elsewhere [6, 7] . PCNA undergoes further ubiquitylation on the same Lysine 164 to generate a ubiquitin chain [13] . This polyubiquitin chain formation is dependent on the presence of the monoubiquitin species mediated by Rad6/Rad18 [13] . The ubiquitin molecules within this chain bind each other through the lysine 63 (K63) of each ubiquitin. This type of ubiquitin chain is different from that of the canonical ubiquitin chains bound through K48 which are responsible for substrate degradation by the proteasome system [17] . Although a K63 ubiquitin chain could lead to protein degradation, it has mainly been implicated in non-degradation pathways such as vesicle excretion, signaling, the immune response, and different forms of DNA repair [17] . PCNA polyubiquitylation is mediated by another E2/E3 complex in the Rad6 pathway of PRR, namely ubc13-mms2/Rad 5 in yeast [13] . A mammalian ubc13-mms2 homologue has been known for years [15] , and two mammalian homologues of Rad5 with E3 ligase and helicase activities (HLTF and SHPRH) were recently described [22] [23] [24] . PCNA polyubiquitylation in the setting of fork-blocking lesions results in a form of error-free repair believed to be mediated by template switching (Figure 2 ) [25] . The exact mechanism of such template switching is unknown, but it appears (at least in yeast) that there are two pathways: one is Rad52 dependent and the other is Rad52 independent [26] . A recent study indicated that Rad5-mediated template switch is appreciated as X-shaped DNA structure on 2-gel electrophoresis, and it appears to involve holiday junctions (recombination intermediates) and HR proteins [27] . Another potential scenario for this error-free pathway is through fork regression after stalling which has been demonstrated in vitro [28] . Rad5 appears to promote this fork regression. However, since competent replication checkpoint prevents such fork regression, it is believed to be unlikely mechanism to mediate this pathway [29] . Mutant Rad5 or ubc13 yeast strains lack such error-free repair [13, 25] . PCNA monoubiquitylation at K164 has been described across all eukaryotic cells, from budding [13, 30] and fission yeast [31] to humans [18] , and includes chicken DT40 cells [32, 33] and Xenopus laevis egg extracts [34] . This monoubiquitylation is seen during normal replication in DT40 and mammalian cells [31, 32] . It is induced by DNA damage in human cells, and is observed only after DNA damage in budding yeast [13, 30] . PCNA polyubiquitylation is clearly seen in yeast after DNA damage, but has been difficult to demonstrate in mammalian systems, and often requires over-expression of the E3 ligases to be observed [22] [23] [24] . Evidence of the existence of an error-free Figure 2: PCNA polyubiquitination mediates an error-free repair believed to occur due to template switch. The factors that perform this process are unknown. Holiday Junctions (HJs) appear be intermediates in this pathway [27] .
TLS pathway mediated by PCNA polyubiquitylation is clearly demonstrated in yeast, and such pathway is believed to exist in higher eukaryotes including mammals. There appear to be other E3 ligases besides Rad18 that could result in PCNA monoubiquitylation, and although Rad18 is the major E3 ligase for PCNA monoubiquitylation post DNA damage, a Rad18 independent monoubiquitylation has been described [33] . A recent report revealed a contribution of the PCNA binding E3 ligase CRL4 to PCNA monoubiquitylation, in vitro and in vivo, in a steady state without DNA damage [35] .
In preliminary experiments, we have observed that decreased expression of the DNA repair, protein and E3 ligase Pso4 decreases PCNA monoubiquitylation (Shaheen and Hromas: unpublished observation). Finally, PCNA monoubiquitylation has also been noted in G1 phase of cell cycle in response to ICL agents in a pathway that relies on NER and the TLS polymerase Zeta [36] .
The Sumoylation of PCNA in Response to Fork Stalling
The Small Ubiquitin-like MOdifier (SUMO) is involved in multiple cellular functions including nuclear transport, signal transduction, transcription, and genome stability [37] . It has been shown that the ubiquitin and SUMO modifications compete for the same attachment site on a common substrate in certain circumstances, such as the case of the NF-κB inhibitor IκBα, where sumoylation was found to counteract the proteolytic effect of ubiquitylation [38] . In a screen for sumoylated proteins, PCNA was identified as a target of this modification [13] . PCNA from S. cerevisiae is sumoylated primarily on K164, the same site as ubiquitination, during S phase even in the absence of DNA damage. This is mediated by the SUMO-specific E2 conjugating enzyme Ubc9 and the SUMO E3 ligase Siz1. K127 on PCNA is also sumoylated independently of Siz1 although not nearly to the same extent as K164 [13] . The functional significance of PCNA sumoylation is described only in budding yeast, and its role in higher organisms is debatable. Although PCNA K164 sumoylation is seen in chicken DT40 cells [32] and Xenopus laevis egg extracts [34] , it has yet to be reported in human cells. PCNA SUMO chains have been described but their function is uncertain [30] . It was first suggested that PCNA sumoylation favors the repair of fork blocking lesions by a mutagenic TLS pathway over an error-free recombination based pathway. This is shown through investigating the RAD6 pathway mutants which are highly sensitive to various DNA-damaging agents, but this sensitivity is partially rescued by blocking PCNA sumoylation, in a manner dependent on homologous recombination [30, 39] . A yeast antirecombination helicase (Srs2) was identified as a suppressor of mutant Rad6 phenotype, in a manner dependent on HR [40] . Subsequently, it was shown that Srs2 binds sumoylated PCNA through its sumo-interacting motif, and this may explain the function of sumoylated PCNA during physiologic replication in preventing deleterious hyper-recombination [41, 42] . The lack of PCNA sumoylation leads to increased spontaneous sister chromatid recombination during mitotic growth [41, 42] . A recent important yeast study [43] investigated the required factors to form sister chromatid junctions (expected to occur during template switching or HR) in the Rad18-Rad5 mediated damage-bypass, and it identified the SUMO conjugating enzyme Ubc9 and sumoylated PCNA as essential for this process, again dependent on Rad51 and so potentially on HR [43] . This research suggested the presence of two error-free pathways mediating lesion bypass: one is mediated by template switching (which may or may not involve recombination) and requires PCNA sumoylation and ubiquitination, and also it is genetically stable The other pathway operates when the first pathway is defective, and depends on Rad51 recombination and it is genetically unstable, and could lead to chromosomal translocation [43] [44] [45] . Another investigation demonstrated that sumoylation of PCNA could interfere with its association with another protein, Eco1 which is important for the establishment of chromatid cohesion during replication [46] . Blocking PCNA sumoylation partially rescues the temperature sensitivity of some Eco1 mutants [47] . It is also believed that the binding of the E2 SUMO ligase Ubc9 to PCNA-on a critical region may block the binding of other PCNA interacting proteins [12] . All the above may indicate that sumoylation of PCNA also plays a key regulatory role in recombination and thus genomic stability.
What Types of DNA Lesions Do Trigger
PCNA Modification?
PCNA ubiquitylation and sumoylation are triggered by a wide variety of DNA lesions that block the replication fork, such as the ones caused by alkylating chemicals (e.g., methylmethanesulfonate (MMS) and 4-nitroquinoline oxide), bulky adducts such as benzo[a]pyrene dihydrodiol epoxide (BPDE), hydrogen peroxide (which produces oxidative damage), UV light (producing photoproducts) and ICL agents [13, 30, 47] . Nucleotide depletion such as the one achieved by hydroxyurea (HU), which causes a fork stalling and subsequent collapse, can also induce PCNA modification. However, HU is a weaker trigger of PCNA monoubiquitylation when compared to ICL or alkylating agents [48] . PCNA modification is tightly connected to replication since chemicals that cause direct DNA DSBs, such as bleomycin, do not cause PCNA ubiquitination or sumoylation [47, 49] . The topoisomerase I inhibitor camptothecan does not trigger PCNA ubiquitylation even though it blocks fork progression, by collision with the camptothecin/Topo I complex [47, 49] . This led to the suggestion that the uncoupling of fork helicase activity and polymerase movement is the actual trigger of PCNA ubiquitylation [50] . This uncoupling creates ssDNA that binds the Replication Protein A (RPA), which recruits Rad18, to the stalled fork. RPA has been shown to be required for TLS to proceed across multiple types of DNA lesions [44, 46] . Camptothecin triggers some PCNA ubiquitylation in S. pombe [31] , but this modification is minimally above the normal S-phase ubiquitin signal that is seen in this organism. Ionizing Radiation (IR) triggers PCNA ubiquitylation in budding and fission yeast [30, 31] but not in mammalian cells [18, 49] . As mentioned above, in S. cerevisiae, PCNA is sumoylated in S phase without DNA damage while PCNA ubiquitylation is noted during S phase in S. Pombe, and higher eukaryotes including humans [13, 30, 31, 47, 49] .
The Relation between PCNA Ubiquitylation and the Kinetics of TLS
Traditionally, TLS is envisioned as an alternative replication process by which the stalled fork can bypass a lesion. PCNA ubiquitylation is imagined as facilitating this bypass by recruiting low-fidelity polymerases. However, recent lines of evidence suggest that PCNA ubiquitylation may play its major role in filling in the gaps generated in PRR by utilizing these TLS polymerases. One study, using 2-D gel and electron microscopy to probe repair intermediates, revealed that UV-irradiated S. cerevisiae cells uncouple leading and lagging strand replication at irreparable UV lesions, thus generating long ssDNA regions on one side of the fork [51] . Small ssDNA gaps accumulate along the replicated duplexes, likely resulting from repriming events on both leading and lagging strands. It was concluded that TLS and homologous recombination factors counteract gap accumulation without affecting fork progression [51] . Recent work revealed that limiting the mutagenic or error-free pathways of TLS to the G2/M phases of the cell-cycle promote efficiently lesion tolerance indicating that both branches of the DNA damage tolerance operate effectively after chromosomal replication, outside S phase [52] . Another elegant study using an inducible system of DNA damage bypass in S. cerevisiae demonstrated that TLS occur predominantly during S-phase but it is separable in time and space from genome replication [53] . The same study found that both during and after S phase, ultraviolet-radiation-induced lesions are bypassed predominantly via error-prone translesion synthesis whereas the error-free pathway functions as a backup system. The process of bypassing the lesion itself may rely more on other factors rather than on modified PCNA. For instance, using the genetically tractable chicken cell line DT40, it was shown that TLS at stalled replication forks requires both Rev1 translesion polymerase-interaction domain and ubiquitin-binding domain in its C terminus. Surprisingly, however, PCNA ubiquitylation was not required to maintain normal fork progression on damaged DNA. Conversely, PCNA ubiquitylation was essential for filling PRR gaps [54] . Rev1 may recruit other essential TLS components through its multifunctional domains required for lesion bypass. On the other hand, it was demonstrated that the level of Rev1 protein is extremely low during G 1 and rises slowly throughout early and mid-S phase but begins to increase rapidly only in late S phase, reaching a maximum level in G 2 . Its level is then maintained at a high intracellular concentration throughout mitosis until after telophase [55] . DNA damage causes Rev1 to accumulate earlier in S phase without significantly affecting the level reached in G 2 /M phase. This is also suggestive of a role in PRR in G2 rather than S phase, as would be predicted [55] . This cell cycle regulation of Rev1 is seen mainly in yeast and has not been demonstrated in higher eukaryotes. Notice that, Rev1 catalytic activity may be dispensable for TLS [56] , and this protein may play its major role in TLS as a scaffold that attracts other TLS polymerases [57] . Overall, the picture is still nebulous regarding the exact kinetics of TLS/PRR in eukaryotes. Future studies may shed light on the detailed mechanisms of lesion bypass.
With the sequence of events that build up at the stalled fork, it was shown that Rad18 binds ssDNA [58] , but this binding is much weaker compared to the binding of RPA to ssDNA. Thus, it appears that RPA recruits Rad18 to ssDNA Journal of Nucleic Acids 5 [47] . Rad18 in turn binds directly to Rad6 [58, 59] to initiates PCNA monoubiquitylation, and it also directly binds Rad5 [60] , which together with MMS2/Ubc13 [16] mediate PCNA polyubiquitylation. Fluorescence-based biophysical methods revealed that mammalian Rad18 becomes immobilized in nuclear foci only in S phase cells, and that its physical association with Rad6 or Polymerase eta is appreciated only in these foci upon DNA damage [61] .
Other Functions of the Rad6/Rad18 in DNA Repair
The 9-1-1 checkpoint clamp is a complex with structural similarity of PCNA. It is implicated in signaling from ssDNA at the stalled fork to the checkpoint proteins, particularly Chk1, to activate the replication checkpoint [62, 63] . One recent report identified 9-1-1 as a target of Rad6/Rad18 monoubiquitylation in budding yeast upon triggering DNA damage [64] . This ubiquitylation is involved in control of global gene regulation in a way reminiscent of the bacterial SOS response to DNA damage which enhances DNA repair gene transcription, translesion synthesis, and recombination [64] . Rad18 was also shown to be recruited to sites of DNA DSB probably through interaction of its Ubiquitin Binding domain with ubiquitin chains deposited at the DSB site [65] . It is shown that Rad18 contributes to homologous recombination repair of DSB probably through direct interaction with the recombinase RAD51C [65] . Furthermore, evidence implicates Rad18 in HR since chicken T40 deficient in Rad18 show aberrant gene conversion (the main form of HR) [66] . In addition, the HR pathway that gets activated in the absence of rad18 is a defective one and may lead to genetic instability [43, 66] . Rad18 appears to suppress an NHEJ pathway when DSB is induced at the fork level to promote repair by HR [67] . It seems from all the above that Rad6/Rad18 play key roles in coordinating several DNA damage response pathways through ubiquitylation of two DNA clamps, PCNA and 9-1-1, as well as other unidentified targets.
The Role of USP1 in PCNA Deubiquitylation
USP1 was identified in a screen for the ubiquitin protease which mediates the removal of monoubiquitin from ubiquitylated Fanconi anemia group D2 (Fancd2 is ubiquitylated in response to fork stalling, and it contributes to TLS, particularly in response to ICL lesions.) [68] , Subsequently, USP1 was identified as a deubiquitylating enzyme for monoubiquitylated PCNA as well [48] . USP1 gets cleaved, and subsequently degraded by the proteasome system in response to UV light exposure, but not to alkylating or cross-linking agents [48, 68] . It is believed that there is a steady-state level of PCNA ubiquitylation by Rad6-Rad18 which is continuously antagonized by USP1, and when USP1 level goes down post-UV exposure, this leads to detectable PCNA ubiquitylation. Contrary to prediction, USP1 deletion leads to DNA damage sensitivity [69] , and mice deficient in USP1 display DNA damage phenotype reminiscent of Fanconi anemia [70] . This defective DNA repair is associated with constitutively chromatin-bound monoubiquitylated FANCD2. In contrast, persistent PCNA monoubiquitylation has negligible impact on DNA repair or mutagenesis [69] . The molecular mechanism of this phenotype is uncertain. It is worth mentioning that PCNA ubiquitylation occurs earlier after UV light than that after chemical exposure, and it persists for a long time (at least 48 hours) after a single exposure to different DNA damaging agents ( [48, 49] , and our observation).
Does the Replication Checkpoint
Activate PCNA Ubiquitylation?
The replication checkpoint gets activated in response to situations that cause replication fork stalling in S phase. ATR (Ataxia Telangiectasia and Rad3-related) protein plays a central role in activating this checkpoint. The exposed ssDNA at the fork recruits RPA, which, in turn, recruits ATRIP (ATR-Interacting Protein), and that brings in ATR, which phosphorylates and activates Chk1 [62, 63] . The PCNA-like replication clamp (the 9-1-1 complex), whose loader interacts with RPA, also contributes to ATR and Chk1 activation. ATR and Chk1 phosphorylate multiple proteins to among other functions stabilize the stalled fork, suppress the late-firing origins of replications, halt cell cycle progression, and induce repair pathways, [62, 63] . In yeast and lower eukaryotes, it has been shown that this checkpoint activation does not alter the status of PCNA ubiquitylation [31, 47, 50] . In other words, checkpoint activation in yeast could be prevented by suppressing ATR or Chk1 without impacting PCNA ubiquitylation in response to fork stalling. In mammalian systems, the picture is less clearer. One report demonstrated 60% reduction in PCNA monoubiquitylation triggered by chemical DNA damage when ATR or Chk1 levels were reduced by siRNA [20] . Another study failed to show a change in the PCNA-monoubiquitin level upon reducing ATR levels [49] , but did find a reduction when RPA was reduced. Thus, RPA appears to be instrumental for PCNA ubiquitylation to be induced [47, 49] . PTIP/Swift, an adaptor protein for the checkpoint kinases ATM and ATR, appears to contribute to PCNA ubiquitylation in human cells and X. laevis egg extracts since depletion of PTIP/Swift results in a reduction in this modification [71] . The cell cycle inhibitor p21 binds PCNA, and its downregulation is required for PCNA monoubiquitylation upon DNA damage [72] . On the other hand, a contradictory study showed that depleting p21 or p53 results in a decrease in PCNA monoubiquitylation post-UV exposure [73] . The mechanisms of these conflicting effects are unknown, but it is worth mentioning that one of these two studies exogenously over-expressed p21 and this could have contributed to the difference in outcome [72] . One report indicated that replication checkpoint proteins are dispensable for TLS to proceed in yeast [74] ; however, if there is a deficiency of NER, then repair of ssDNA lesions is heavily tilted toward TLS, and checkpoint proteins enhance the repair by TLS in this situation [74, 75] .
Summary and Future Directions
Research in TLS/PRR has progressed through multiple stages over the past 5 decades, from its description in bacteria and then eukaryotes, to discovering its mechanisms in bacteria and yeast. A key step in this field was the identification of Rad6 as essential for TLS in eukaryotes. This led to the report [13] that described the fundamental role of the Rad6 group in ubiquitylating PCNA. The identification of PCNA posttranslational modifications opened the door for a cascade of other studies into the role of modified PCNA in TLS and the mechanism of that. However, there are questions that remain to be answered about the details of the errorfree pathway of TLS, and the timing of events that take place at the stalled fork. There is no doubt that ongoing research in this area will come up with explanations for all these questions that may or may not agree with current predictions. It is noteworthy to mention that research in this field has also enriched our understanding of the mechanisms of mutagenesis, and the implications of that in carcinogenesis and cancer therapy.
